ABSTRACT: Taura syndrome (TS) is a n economically important disease of Penaeus vannamei (Crustacea-Decapoda) that was first recognized in commercial penaeid shrimp farms located near the mouth of the Taura River in the Gulf of Guayaquil, Ecuador, in June 1992. The syndrome is now known from shrimp farms throughout the Gulf of Guayaquil, as well as from single or multiple farm sites in Peru, Colomb~a, Honduras, and Oahu, Hawaii, USA. Both toxic and infectious et~ologies for TS have been proposed, but TS appears to have a viral etiology due to a previously unrecognized agent now called Taura syndrome virus or TSV The disease has peracute and recovery [or chron~c) phases, which are grossly distinguishable. Peracute episodes of TS are the most common manifestation of TS and occur in juvenile shrimp (of 0.1 to 5.0 g ) within 14 to 40 d of stocking into grow-out ponds or tanks. Gross signs displayed by moribund shrimp with peracute TS include expansion of the red chromatophores giving the affected shrimp a pale reddish coloration and making the tail fan and pleopods distinctly red. Peracutely affected anlmals usually die d u r~n g the process of molting. Those with peracute or acute TS that survive molting either recover or are chronically affected by TS and typically display multiple melamzed cuticular lesions suggestive of 'shell disease' Shrimp acutely affected with TS d~s -play a distinctive hstopathology that consists of multifocal areas of necrosis of the cuticular epithelium and subcutis (of the general cuticle, gills, appendages, foregut and hindgut), which are characterized by the presence of several to extremely numerous, variably sized eosinophilic to basophilic cytoplasmic inclusion bodies that give TS lesions a characteristic 'peppered' or 'buckshot' appearance, which is considered to be pathognomonic for TS. Transmission electron microscopy of affected cells shows these inclusion b o d~e s to be composed of an amorphous, granular, electron-dense matrix in which are often embedded numerous needle-like crystals of presumed calc~um phosphate. The purpose of the present paper is to provide a definition of TS (based primarily on gross signs and histopathology supported by electron microscopy) as a basis for future studies on the dlsease
INTRODUCTION
Taura syndrome (TS) is the name given to an economically important disease of cultured and wild penaeid shrimp. TS was first recognized in farms near the mouth of the Taura River, Ecuador, in June 1992 (Jimenez 1992 , Rosenberry 1993 , 1994a , b, Lightner et al. 1994 , Wigglesworth 1994 , but it has since been observed in wild and cultured penaeid shrimp in much of the Gulf of Guayaquil in Ecuador. Episodes of TS were reported by local shrimp farmers to often follow periods of heavy rain, and by late 1993, TS had spread to most shrimp growing areas in the Guayas River delta (Lightner et al. 1994 , Wigglesworth 1994 . The TS epizootic in shrimp farms bordering the Gulf of Guayaquil has accounted for a significant reduction in Ecuador's annual shrimp production. This is illustrated by the decline from a peak production of approximately 100 million t in 1991 to 70 ndlion tin 1993. The loss of 30 million t translates to a 30 % reduction in shrimp production and, with current shrimp prices, to more than $120 million in annual losses (Rosenberry 1993 (Rosenberry , 1994a .
Following its recognition in Ecuador, cases of TS have been observed in other shrimp growing areas of O Inter-Research 1995 the region. Although generally much less severe than the TS epizootic in Ecuador, TS has been observed in sporadic episodes in cultured Peneaus vannamei near Tumbes, Peru (June-July 1993); Tumaco, Colombia (January-February 1994; Lightner & Redman 1994 , Lightner et al. 1994 , Wigglesworth 1994 Coletuca, Honduras (February-? 1994) ; and Oahu, Hawaii, USA (May-September 1994; Brock et al. in press) . Recent studies carried out independently in Hawaii and in Arizona, USA, indicate that TS has a viral etiology (Brock et al. in press) . Until more is known about the virus, it has been named TSV for Taura syndrome virus (Brock et al. in press) .
The purpose of the present paper is to provide a definition of Taura syndrome in Penaeus vannamei (based pnmarily on gross signs and histopathology supported by electron microscopy) as a basis for future studies on the disease.
MATERIALS AND METHODS
Juvenile Penaeus vannamei displaying gross signs of peracute and recovery (or chronic) phase of TS were selected from samples taken from affected farm ponds in Ecuador, Peru, and Colombia by use of cast nets, trap nets, or seining of affected ponds. Using Davidson's AFA fixative, selected shrimp were preserved for light microscopy by one of the authors or by shrimp farm personnel. All histological materials were prepared using standard histological procedures for shrimp as described in Bell & Lightner (1988) . Shrimp selected for electron microscopic study were preserved in 6 % phosphate buffered glutaraldehyde and processed for examination as was previously described (Bonami et al. 1992) .
RESULTS

Gross signs of TS
TS typically occurs in nursery phase Penaeus vannamei within 14 to 40 d of stocking as postlarvae. Hence, shrimp with TS are typically small juveniles of 0.1 g to less than 5 g. Larger shrimp may also be affected, but apparently much less often. Moribund shrimp display expansion of red chromatophores in the appendages, especially of the uropods, telson, and pleopods, but also those of the general body surface. Because these gross signs are typical of small juvenile P vannamei with TS, many farmers in the Guayas area have referred to TS as 'red tail disease'. In such shrimp, close inspection of the cu.ticular epithelium in thin appendages (such as the edges of the uropods or pleopods) reveals signs of focal epithelia1 necrosis (Fig. 1) . Shrimp showing these gross signs of peracute TS are typically in the late D stages of the molt cycle and, hence, they possess a soft cuticle and have an empty gut. Shrimp with severe peracute TS typically die during the molting process. The higher frequency of molting in juveniles of less than 5 g compared to larger juveniles suggests that molting is important in the pathogenesis of TS.
Fair to moderate numbers of shrimp in affected ponds show multifocal, melanized cuticular lesions of the bacterial shell disease type ( Fig. 2) (Rosen 1970 , Cipriani et al. 1980 , Sindermann 1990 , Brock & Lightner 1990 , Lightner 1993 , Brock 1993 . These shrimp may or may not have soft cuticles and redchromatophore expansion. Such shrimp may be behaving and feeding normally. These shrimp are survivors of an acute episode of TS, that (after surviving a TS episode and successfully molting) display resolving, melanized TS cuticular lesions (Fig. 2) . These shrimp are then assumed to be in the second phase of the disease and to be displaying signs of recovery or a chronic form of TS.
Histopathology of TS
In H&E preparations, TS lesions appear as multifocal areas of necrosis in the cuticular epithelium of the general body surface, all appendages, gills, hindgut, esophagus and stomach (Figs. 3 to 7). Rarely, the antenna1 gland tubule epithelium is affected. Frequently, the subcuticular connective tissue and adjacent striated muscle fibers basal to cuticular epithelia1 cells are also involved ( Fig. 4 ; see also Fig. 12 ). Prominent in the multifocal cuticular lesions are conspicuous and often extremely abundant generally spherical, cytoplasmic inclusion bodies (of 1 to 20 pm diameter) that range in staining from eosinophilic, to grayish, to intensely basophilic. Some of the cell nuclei in affected tissues are pyknotic or karyorrhectic. However, the lack of a Feulgen reaction indicates that most of the inclusion bodies present in TS lesions do not contain significant amounts of DNA and, therefore, they cannot be pyknotic or fragmented nuclei. When abundant in focal lesions, these cytoplasmic inclusions give the lesion a 'peppered' or 'buckshot' appearance (Figs. 4 to 7 ) , which is considered to be pathognomonic for TS. The absence of hemocytic infiltration or other signs of a significant host inflammatory response distinguishes the peracute phase of TS from the recovery or chronic phase of the disease.
In recovery or chronic phase TS specimens, cuticular lesions resemble those of classic bacterial shell disease (Rosen 1970 , Cipriani et al. 1980 Figs. 1 to 7. Penaeus vannamei. Fig. 1 . Tail fan of a pond-reared juvenile l? vannamei from Ecuador peracutely affected by Taura syndrome (TS). Multifocal necrotic foci in the cuticular epithelium are apparent (arrows). F i g . A juvenile P vannamei affected with the recovery or chronic form of TS. Multifocal resolving cuticular lesions are shown as melanized foci. Fig. A histological section through the base of a mastigobranchial process in the gllls of a juvenile P vannamei with peracute T S . Prominent areas of necrosis in the cuticular epithelium, which secretes the cuticle (C), are apparent (arrows) adjacent to normal appearing epithelial cells (NI. Scale bar = 25 pm.
A higher magnification of one of the lesions shown in Flg. 3. Necrotic cuticular epithelial and subcuticular connective tissue cells wlth pyknotic (P) nuclei and very numerous, variably staining, cytoplasmic inclusions are apparent which give the lesion a 'peppered' or 'buckshot' appearance. The peracute nature of the lesion is suggested by the absence of hemocytes in the lesion or in the more basal muscle tissue. Scale bar = 10 pm-Figs. 5 to 7. Similar focal peracute leslons (from a juvenile P vannamei), which are pathognomonic for TS, in the cuticular epithelium and subcutis of the stomach (Fig. 5) , of the carapace (Fig. 6) , and the gills (Fig. 7) . Nuclear pyknosis (P) and an abundance of variably staining generally spherical cytoplasmic inclusions and/or intercellular bodies (arrows) are distinguishing characteristics of the lesions.
Scale bars = 10 pm (Figs. 5 & 7) and 5 pm (Fig. 6) 1990), and such lesions may show erosion of the cuticle, surface colonization and invasion of the affected cuticle by presumed Vibrio spp. A marked hemocytic infiltrate, which may or may not be melanized, is often present basal to such melanized lesions of the cuticle.
Ultrastructure of TS
Transmission electron microscopy of focal lesions in peracute phase TS confirmed many of the characteristics of the lesions as discerned by histopathology. The spherical intracytoplasmic inclusions were found to be abundant in affected tissues examined (gills and cuticular epithelium, subcutis and muscle in appendages) and to have contents that ranged from sparse and electron lucent to electron dense (Figs. 8 to 13 ). Some were found to contain a few to very abundant needle-like crystals ( Fig. 9 to 14) . In some specimens exam.ined, masses of these crystals were present in hemocoel spaces in the gills, subcutis, and in association with adjacent muscle fibers (Figs. 12 & 13) . In the antennal gland of 1 specimen examined by TEM, morphologically similar crystals were observed in the hemocoel basal to the antennal gland epithelium and in the antennal gland lumen (Fig. 14) . Because the morphology of these needle-like crystals is identical to that reported for calcium phosphate in certain metabolic disorders of vertebrate animals (Cheville 1983), they are presumed to be calcium phosphate. Of 9 shrimp presenting gross signs of peracute TS and examined by TEM, all displayed presumed calcium phosphate crystals associated with TS lesions.
DISCUSSION
Until recently, TS was considered to be an idiopathic disease whose distribution was determined as a function of a toxicant or infectious agent common to all the locations where the disease had been recognized. An alternative explanation for TS suggested that it may have been an emerging toxic or infectious disease syndrome present in many shrimp culture regions that went unrecognized until it was first discovered in Ecuador. Coincidental with the discovery of TS in the Taura region of Ecuador in 1992 was the initiation of aerial spraying of agricultural fungicides in the Taura River drainage basin, which were applied in an effort to control Sigtoka Negra or Black Leaf Wilt of bananas. Most commonly applied were BenlateTM (benomyl, DuPont) and the ergosterol (a sterol) synthesis inhibitors ~i l t~ (propiconazole, Ciba-Geigy) and CalixinTM (tridemorph, BASF) (Lightner et al. 1994 , Rosenberry 1994a , b, Wigglesworth 1994 . Because crustacean molting hormone, or ecdysone, is also a sterol (Grieneisen 1994) that is structurally very similar to ergosterol, there were compelling reasons to suspect that these fungicides were involved in the etiology of TS. However, despite the numerous studies on a presumed toxicological etiology that have been run by the research components of the affected farms, university groups or the pesticide companies, a relationship of these fungicides to the etiology of TS has not been confirmed experimentally (Lightner et al. 1994 , Rosenberry 1994a , b, Wigglesworth 1994 .
Histopathology and TEM studies carried out on juvenile Penaeus vannamei suggest an etiology in which calcium metabolism (calcification and de-calcification of the cuticle during the molting process) is disrupted resulting in accumulations of calcium phosphate crystals in affected tissues and organs. This finding might be considered to support an hypothesis of a toxic etiology for TS. However, recent studies carried out in Hawaii and in Arizona have implicated a previously unrecognized, small (-30 nm), icosahedral, cytoplasmic virus (called TS virus or TSV) as the causative agent of the disease (Brock et al. in press) . In these studies, TS was induced in healthy, juvenile P vannamei by exposure to the virus via injection of cell-free homogenates prepared from the carcasses of P vannamei (from Ecuador and Hawaii) with the disease or by feeding directly the same carcasses. Identical results were obtained with TS-positive shrimp from both Hawaii and Ecuador (Brock et al. in press) .
The histological lesions presented by juvenile Penaeus vannamei with peracute or acute TS are unique and pathognomonic for the disease. While other infectious and noninfectious diseases of penaeid shrimp affect the same target tissues or display a histopathology somewhat similar to TS, none are sufficiently similar to TS to be confused. The diseases of penaeid shrimp warrant discussion and comparison to TS. Like TS, infectious hypodermal and hematopoietic necrosis virus (IHHNV) (Lightner 1993) has a viral etiology and has among its target tissues the cuticular epithelium and antennal gland where it causes a diffuse to multifocal necrosis. However, IHHNV can be readily distinguished from TS by the presence of characteristic intranuclear inclusion bodies in affected cells. Further distinction between TSV infection and IHHNV can be accomplished by the use of a gene probe to IHHNV (Man et al. 1993) in an in situ hybridization assay with histological materials, which is available commercially (Shrimp probeTM, DiagXotics, Wilton, CT, USA).
Yellowhead disease is another virus disease of penaeid shrimp in which the cuticular epithelium is among the target tissues (Chantanachookin et al. (Fig. 10) and 0.25 pm (Fig. 11) Figs. 12 to 14. Penaeus vanname] . Fig. 12 . TEM of a striated muscle cell (M) near its insertion into the cuticular epithelium (E) of a pleopod. Shown are diagnostic TS inclusion bodies (I) with a granular matrix in which are embedded needle-like crystals of presumed calcium phosphate. Scale bar = 0.5 pm. Fig. 13 . TEM of the subcutis of the stomach cuticular epithelium of a juvenile F? vannarnei showing large accumulations of presumed calcium phosphate crystals in intracellular inclusions (I) and in intercellular masses in hemocoelic spaces (arrows). A semigranular hemocyte (H) is present and it also contains crystals in several small phagocytlc vacuoles (V).
Scale bar = 3 pm. . Like TS, spherical cytoplasmic inclusion bodies are an important diagnostic feature of infection by yellowhead virus (YHV). However, TSV-caused lesions contain far more spherical cytoplasmic inclusions (giving them their characteristic 'peppered' or 'buckshot' appearance) than do those due to YHV. Furthermore, the principal target organ for YHV seems to be the lymphoid organ where severe necrosis is often apparent, whereas in Penaeus vannamei with TS no discernable pathology is apparent in this organ. Finally, various forms of shell disease may be confused with TS, especially when shrimp in the recovery or chronic phases of the disease are present in affected populations. Bacterial shell disease (Cipriani et al. 1980 , Lightner 1993 ) is indistinguishable from lesions present in shrimp that are in the recovery or chronic phases of TS. In this situation, histopathological studies of shrimp in the peracute or acute phases of TS are required to provide the correct diagnosis.
